ABSTRACT Among social insects, individuals that grow or reproduce have different nutritional requirements than those that do not grow. Ants and termites have very different colony structure, and they should reveal differences in nutrient ßow. Here, we show that the micronutrients calcium (Ca), copper (Cu), iron (Fe), potassium (K), magnesium (Mg), manganese (Mn), sodium (Na), and zinc (Zn) levels are different among castes in termite and ant colonies. In two separate experiments, colonies of the termite Reticulitermes flavipes (Kollar) (Isoptera: Rhinotermitidae) and the ant Myrmica punctiventris (Roger) (Hymenoptera: Formicidae) were divided into two equal-sized subunits. In both experiments, one subunit was fed an enriched diet containing Ca, Cu, Fe, K, Mg, Mn, Na, and Zn, whereas the other subunit was fed a control diet lacking these nutrients. In subunits fed the enriched diet, termite workers had higher levels of micronutrients than did soldiers, whereas ant workers had lower levels of micronutrients than did larvae. The only exceptions to this pattern were that Cu and Zn were found to be higher in termite soldiers, and Mn was found to be higher in ant workers. Our results suggest that micronutrients levels in both ants and termites match the nutritional requirements of different castes.
Micronutrients are vital for enzyme function, physiological processes, and homeostasis (Frausto da Silva and Williams 2001, Cohen 2004) . However, little is known about the function and distribution of micronutrients in insects (Cohen 2004) , especially in social insects. Iron (Fe) is necessary in insect metabolism (Nichol et al. 2002) , and both Fe and manganese (Mn) inßuence insect taste reception (Orgad et al. 1998 , Ben-Shahar et al. 2004 . Studies on the house cricket, Acheta domesticus (L.), suggest that calcium (Ca), sodium (Na), potassium (K), copper (Cu), and zinc (Zn) are important for growth and fecundity in insects (McFarlane 1976 (McFarlane , 1991 . Cu and Zn also are used as cross-linking agents in cuticular bioscaffolds (SchoÞeld et al. 2002 , SchoÞeld and Nesson 2003 , Waite et al. 2004 .
Social insect colonies can be divided into speciÞc physiological units. Different colony members specialize in growth, reproduction, defense, and maintenance. Each of these components has different nutritional requirements. Thus, colonies should distribute nutrients according to different individual needs. Different castes of a colony have different metabolic and nutritional requirements; therefore, they should require different amounts of micronutrients. Thus, micronutrients should be distributed to those individuals that require them. If the results of previous studies on crickets are applicable to social insects, then micronutrients should preferentially be distributed to individuals that grow and reproduce. Social Hymenoptera distribute macronutrients in a predictable pattern. Proteins are preferentially given to individuals that grow and/or reproduce, whereas lipids and carbohydrates are distributed more evenly as an energy source (Vinson 1968; Tschinkel 1993a; Tschinkel 1999a, 1999b; Weeks et al. 2004 ). However, little has been done to look at the distribution of micronutrients.
Due to different developmental pathways, ant and termite colonies have different colony structure and thus different predictions for micronutrient distribution. In both ant and termite colonies, there are individuals that grow, individuals that gather and distribute resources, and individuals that reproduce. Ants are holometabolous insects with adult sterile workers, fertile reproductives, and immobile larvae. As with all insects, the adults do not grow; thus, the larvae are the sole growth components of the colony. In general, queens and males reproduce, whereas workers, individuals responsible for gathering and distributing resources, neither grow nor reproduce (Oster and Wilson 1978, Hö lldobler and Wilson 1990) . However, termites are hemimetabolous insects with an imma-ture worker caste, sterile nongrowing soldier caste, and adult reproductives (Shellman-Reeve 1997 , Roisin 2000 . In most termite species, the workers grow, adults reproduce, and the soldiers do neither (Shellman-Reeve 1997 , Roisin 2000 . Workers in termite colonies are responsible for gathering and distributing resources (Waller and La Fage 1987) .
In ant and termite colonies, food enters the colony via the workers and then is passed on to other members of the colony through tropholaxis or similar means (Wilson 1971 , La Fage and Nutting 1978 , Stradling 1987 , Waller and La Fage 1987 , Cabrera and Rust 1999 . However, differences in colony structure between ants and termites lead to different predictions in micronutrient distribution. If individuals that grow or reproduce require more micronutrients than those that do neither, then in ants the adult workers should require less micronutrients than the larvae, whereas in termites the juvenile workers should require more micronutrients than soldiers.
In this study, we took the Þrst step in understanding the ßow of micronutrients in social insects by examining whether the uptake of micronutrients differs between castes within a colony. We conducted two experiments: the Þrst experiment used the termite Reticulitermes flavipes (Kollar) (Isoptera: Rhinotermitidae), and the second experiment used the ant Myrmica punctiventris (Roger) (Hymenoptera: Formicidae) as representatives of two different types of colony structure. In both colonies, we expected to see micronutrients distributed to the caste that has actively growing tissue. In each experiment, we examined the distribution of eight micronutrients: Ca, Cu, Fe, K, magnesium (Mg), Mn, Na, and Zn in colonies of R. flavipes and M. punctiventris. Colonies were divided into two subunits, one fed on a control diet and the other fed on a diet enriched with micronutrients. Individuals were then measured for the levels of each of the elements using inductively coupled plasma optical emission spectroscopy (ICP-OES).
Materials and Methods
Study Organisms.Termites. Eight colonies of the termite R. flavipes were sampled from areas in Cape Girardeau County, MO. Traps consisting of a small wooden frame (15 by 15 by 2 cm) stuffed with two or three layers of corrugated cardboard were placed under a log known to be visited by termites. The traps were brought back to the laboratory, and the termites were separated from the cardboard.
For each colony, two groups of 50 workers and 10 soldiers were each placed in a 709-ml sealable container one third Þlled with potting soil. Each colony was represented by two subunits: one subunit was fed on a control diet, and the other subunit was fed an enriched diet. R. flavipes naturally form subpopulations, and it is thought this may lead to new colonies (Shellman-Reeve 1997, Lepage and Darlington 2000) .
Ants. Five colonies of the ant M. punctiventrus were collected from logs in areas located in Cape Girardeau County. The ants were transported back to the laboratory, and they were separated from their substrate.
For each colony, two groups of 20 workers and 10 larvae (thirdÐÞfth instar) were placed in a 709-ml sealable container. A small-diameter tube (6 by 0.8 cm; created from cutting off the bulb and tip of a disposable plastic pipette) was plugged with moist cotton for a cavity to house the ants. The ants readily moved into the tube. M. punctiventrus naturally form polydomous colonies, which in many cases are queenless Choiniere 1996, DeHeer et al. 2001) . As with the termites, one subunit was fed a control diet, and the other subunit was fed an enriched diet.
Feeding. Termites. The termites were fed one of two diets. The enriched diet consisted of the following: 100 ml of H 2 O, 0.83 g of agar, 7.5 g of ␣-cellulose, 0.08 g of CaCO 3 , 0.05 g of KCl, 0.14 g of K 2 HPO 4 , 0.03 g of NaCl, 0.24 mg ZnCO 3 , 0.04 g MgSO 4 , 6.4 mg FePO 4 , 0.8 mg MnCO 3 , and 3.0 mg CuSO 4 (amounts based on diet from McFarlane 1991). The control diet consisted of the following: 100 ml of H 2 O, 0.83 g of agar, and 7.5 g of ␣-cellulose.
Subunits were fed on their respective diet for 1 mo to ensure food was distributed throughout the colony (Suárez and Thorne 2000) . After 1 mo, the food was removed for 2 d. Two days after the food was removed, the termites were removed from the substrate, and 20 workers and 10 soldiers were separated into individual microcentrifuge tubes and frozen at Ϫ20ЊC until further analysis.
Ants. The ants were fed one of two diets. The enriched diet consisted of the following: 100 ml of H 2 O, 0.83 g of agar, 6 g of sucrose, 6 g of egg albumin (from powder), 0.08 g of CaCO 3 , 0.05 g of KCl, 0.14 g of KHPO 5 , 0.03 g of NaCl, 0.24 mg of ZnCO 3 , 0.04 g of MgSO 4 , 6.4 mg of FePO 5 , 0.8 mg of MnCO 3 , and 3.0 mg of CuSO 4 (amounts based on diet from McFarlane 1991). The control diet consisted of the following: 100 ml of H 2 O, 0.83 g of agar, 6 g of sucrose, and 6 g of egg albumin (from powder).
Subunits were fed on their respective diet for 3 d to ensure food was distributed throughout the colony (Cassill and Tschinkel 1996) . After 3 d, the food was removed for 1 d. The next day, the ants were removed from the housing, and 20 workers and 10 larvae were separated into individual microcentrifuge tubes and frozen at Ϫ20ЊC until further analysis. Micronutrient Measurements. Individuals were then dried at 45ЊC for 3 h (to constant mass), and their dry weight was measured (Mettler AE163, Mettler ScientiÞc, Highstown, NJ; readability, 0.01 mg). Each individual insect was placed in an acid-washed test tube with 0.1 ml of trace metal grade concentrated nitric acid and heated in a hot water bath (Ϸ80ЊC) until dissolved (Ϸ5 min). Deionized water (Barnstead, 0.9 ml) was added to make a Þnal solution volume of Ϸ1.0 ml. Micronutrients for each sample were measured using ICP-OES (PerkinElmer Optima 3000 DV, PerkinElmer Life and Analytical Sciences, Boston, MA). Emission for each ion was detected at the following wavelengths: Ca, 317.933 nm; Cu, 324.754 nm; Fe, 238.204 nm; K, 766.491 nm; Mg, 279.079 nm; Mn, 257.610 nm; Na, 589.592 nm; and Zn, 213.856 nm. Concentrations were determined using the calibration curve method. Standard solutions (0.1Ð10 ppm) were made from a stock solution containing 100 ppm Ca, Cu, Fe, K, Mg, Mn, Na, and Zn. Measurements for the concentrations of all eight micronutrients were obtained for each individual.
Data Analysis. The data for each species were analyzed with a multivariate analysis of variance (MANOVA) followed by a TukeyÕs honestly signiÞ-cant difference (HSD) post hoc comparison.
Results
Termites. The MANOVA results for the termites showed an overall effect of colony and caste and diet (Table 1 ). The colony effect was due to different overall amounts of micronutrients between colonies, but the relative proportions of the different micronutrients were similar for all colonies. Termite workers showed signiÞcantly higher levels of Ca, Fe, K, Mg, Mn, and Na per dry mass than soldier termites (HSD; Fig. 1a and cÐ g ). In addition, levels of Ca and Mg were signiÞcantly higher in workers from subunits fed on the enriched diet than in workers from subunits fed on the control diet (HSD; Fig. 1a and f) . The soldiers from subunits fed on control and enriched diets showed no signiÞcant difference in these or any other micronutrient (HSD; Fig. 1 ). This suggests that Ca and Mg were obtained from the food and retained by the workers.
Concentrations of Zn did not differ signiÞcantly in soldiers from subunits fed on either diet and workers from subunits fed on the control diet. Workers fed on the enriched diet had signiÞcantly lower levels of Zn (HSD; Fig. 1h ), and Cu was signiÞcantly higher in soldiers than in workers (HSD, Fig. 1b) . Other than Cu and possibly Zn, it seems that most of the micronutrients were retained by worker termites and not passed on to soldiers.
Ants. The ants also showed an overall effect of colony, caste, and diet (Table 2) . Ant workers showed lower amounts of most of the elements than did larvae (HSD; Fig. 2) . Ca, K, and Zn all showed higher levels in larvae than workers, but there was no difference between subunits fed on control and enriched diets (HSD; Fig. 2a, d , and h). However, levels of Cu, Fe, and Mg were signiÞcantly higher in larvae from subunits fed on the enriched diet than larvae fed on the control diet and workers fed on either diet (HSD; Fig.  2b, c, and f) . This suggests that the worker ants gained these elements from the diets and passed them onto the larvae. This is the opposite pattern from the termites in which the workers retained the micronutrients rather than pass them on. Although ant worker levels of Na seem lower than Na levels in larvae, this difference was not signiÞcant (HSD; Fig. 2g ). Finally, levels of Mn were signiÞcantly higher in ant workers than in larvae, but there was no effect of diet (HSD; Fig. 2e) .
Discussion
These results demonstrate that micronutrients are not found at equal levels in different castes of social insect colonies. In both M. punctiventris and R. flavipes colonies, the levels of nutrients were higher in colony members that have actively growing tissue. In addition, termite colonies and ant colonies were predicted to have different distribution patterns, and this prediction is supported by the data. R. flavipes workers tended to have high levels of micronutrients, whereas M. punctiventris workers did not. In both R. flavipes and M. punctiventris, individuals that had the capacity for growth (termite workers and ant larvae) had more micronutrients than did individuals of the nongrowing caste (termite soldiers and ant workers). There were a few nutrients that did not follow the predicted pattern. This is an exciting result, because it suggests that the two species of insects possibly have mechanisms to regulate the distribution of nutrients and perhaps have mechanisms to separate particular ions.
In the termites, Zn was not signiÞcantly different in the two castes, and Cu was found at higher levels in soldiers. Both Cu and Zn have been found to increase the hardness of the cuticle in invertebrates (SchoÞeld et al. 2003) . Leafcutter ants [e.g., Atta sexdens (Forel); SchoÞeld et al. 2002) , and a marine worm [e.g., Nereis sp. (L.); Lichtenegger et al. 2003b ] have high concentrations of Zn in their jaws. The marine worm Glycera dibranchiate (Ehlers) contains high levels of Cu in their jaws (Lichtenegger et al. 2003a ). Both minerals seem to increase hardness and reduce abrasion in the jaws. Termite soldiers have very large prominent jaws relative to the workers, so it is possible that one of these minerals is being used to reinforce the mandibles. Cu is also a very competitive element relative to other cations and having too much Cu may hinder growth and development, because it interferes with the functions of other ions (Frausto da Silva and Williams 2001). It is possible that workers take the Cu they need and pass the rest off to the nongrowing soldiers for storage. Fe is known to be stored in insect cells (Nichol et al. 2002) , so it is possible that Cu can be stored as well. Bioaccumulation studies indicate that Cu can be stored in insect tissue (Bagatto and Shorthouse 1996) . Whether Cu can later be used for physiological processes has yet to be determined.
In the termite trials, the subunits fed control and enriched diets showed no signiÞcant differences for several of the elements, although differences between workers and soldiers did exist. During the trial, the termites were housed in potting soil enriched with several nutrients. The reason for the lack of difference for these elements between subunits fed on the control and enriched diet could be that workers may have gathered some of the nutrients from the soil in which they were housed. In the ants, Mn showed the opposite trend relative to the other elements. Mn has been found to be important for reproductive function in many animals. Low levels of Mn have been shown to reduce the reproductive ability in vertebrates , Mathers et al. 1971 , Takeuchi et al. 1981 . In insects, larvae are growing but not reproducing; therefore, they may not need higher amounts of Mn than workers. Workers may retain Mn and pass it on to reproductives. Another possible role of Mn in ants is to regulate worker foraging behavior. Ben-Shahar et al. (2004) found that honey bee, Apis Fig. 1 . Distribution (mean Ϯ SE) of eight micronutrients in R. flavipes workers (Work) and soldiers (Sold) for subunits fed on the control (con) and enriched (enr) diets. The letters indicate signiÞcant differences based on the analysis of variance (MANOVA) followed by the TukeyÕs HSD test. (A) Ca: workers had signiÞcantly higher levels than soldiers (P Ͻ 0.001); workers on enriched diet had higher levels than workers on control diet (P ϭ 0.004). (B) Cu: soldiers had higher levels than workers (P Ͻ 0.001). (C) Fe: workers had higher levels than soldiers (P Ͻ 0.05). (D) K: workers had higher levels than soldiers (P Ͻ 0.001). (E) Mn: workers had higher levels than soldiers (P Ͻ 0.001). (F) Mg: workers had higher levels than soldiers (P Ͻ 0.001); workers on the enriched diet had higher levels than workers on the control diet (P ϭ 0.002). (G) Na: workers had higher levels than soldiers (P Ͻ 0.001). (H) Zn: Workers fed on the enriched diet had lower levels than the other three groups (P Ͻ 0.002). mellifera L., foragers had higher Mn levels in the head capsule than nurse bees, and this nutrient seems to be involved in regulating the onset of foraging. Because Mn is important for sensitivity to sucrose (Orgad et al. 1998 , Ben-Shahar et al. 2004 , foragers, which collect nectar, would need higher levels of Mn to perform their tasks. Similarly, ant workers forage for food and also may need higher Mn levels than larvae to increase their responsiveness to sugars. The overall differences in nutrient absorption by R. flavipes and M. punctiventris can be explained by the differences in internal storage by workers and how food is transferred from worker to recipient. Termites show two types of trophallaxis: oral (stomodeal) and anal (proctodeal) (La Fage and Nutting 1978) . Most of the evidence suggests that termite workers feed the soldiers proctodeal food rather than stomodeal (La Fage and Nutting 1978) . Food passes through the entire worker digestive tract before reaching the soldiers. Thus, termite workers have the opportunity to absorb the nutrients they need before passing the rest to the soldiers. Ant workers store food in the crop and then pass the food to the larvae via oral trophallaxis (Hö lldobler and Wilson 1990) . Because the site of absorption is the midgut and not the crop (Nation 2002) , the recipients of the food from the workers actually digest the food and have access to the micronutrients before the workers. Early studies suggested Fig. 2 . Distribution (mean Ϯ SE) of eight micronutrients in M. punctiventris larvae (Larv) and workers (Work) for subunits fed on the control (con) and enriched (enr) diets. The letters indicate signiÞcant differences based on the MANOVA followed by the TukeyÕs HSD test. (A) Ca: larvae had signiÞcantly higher levels than workers (P Ͻ 0.001). (B) Cu: larvae fed on the enriched diet had higher levels than workers (P Ͻ 0.007). Larvae from control diet were not signiÞcantly different from any group. (C) Fe: larvae fed on the enriched diet had higher levels than workers (P Ͻ 0.005). Larvae from control diet were not signiÞcantly different from any group. (D) K: larvae had signiÞcantly higher levels than workers (P Ͻ 0.001). (E) Mn: workers had higher levels than larvae (P Ͻ 0.001). (F) Mg: larvae fed on the enriched diet had higher levels than workers and larvae fed on the control diet (P Ͻ 0.001). (G) Na: no signiÞcant differences among the four groups. (H) Zn: larvae had higher levels than workers (P Ͻ 0.003).
that ant larvae can digest food and give some back to the workers through oral trophallaxis (Abbott 1978 , Sorensen et al. 1983 . However, recent studies show that in many ant species, the larvae digest solid food externally, and the resulting liquid is picked up by the workers (Cassill et al. 2005) . The workers then distribute the food throughout the colony. Cassill and Vinson (2007) found that Þre ant workers and queens feed on larval anal secretions. In this case, ant workers will give larvae undigested food through oral trophallaxis and receive the nutrients not absorbed by the larvae in anal secretions much like a soldier termite receives nutrients not absorbed by worker termites.
This difference between ant and termite trophallaxis is not sufÞcient to explain the results in this study for two reasons. First, ant workers may feed on the diet themselves without passing the food to the larvae. Second, the data showed that ant workers had higher levels of Mn than did larvae and termite soldiers had higher levels of Cu. This suggests that there may be a difference in the ability of the midguts of different castes to absorb particular nutrients. For example, the midgut of a worker ant might have a poor ability to absorb calcium ions but have an efÞcient ability to absorb Mn. Ant larvae midguts might have the opposite ability. Thus, even though ant larvae receive the food Þrst, they may not be able to absorb Mn effectively and pass the food back to the workers still enriched in Mn. Termites workers might have a poorer ability to absorb Cu, whereas soldiers may have a high capacity to absorb Cu; thus, the proctodeal food might remain enriched in Cu. It is possible that soldiers might act as micronutrient repleats just as majors of some ant species act as food repleats (Tschinkel 1993b , Lachaud et al. 1992 .
